Abstract-Preclinical SPECT can potentially be a powerful platform to study fundamental biological processes and drug interactions in small animals. Gamma cameras for such SPECT systems require high spatial resolutions in order to adequately map the uptake of radioisotopes in small animals. Pinhole collimators offer one of the best technically feasible ways to achieve a high resolution. However, pinhole geometry introduces parallax errors, particularly toward the edge of the field of view, limiting the system spatial resolution. The parallax errors arise from the variable depth of interaction (DOI) of gammaray/scintillator events, especially when gamma rays enter a scintillator at steep angles. There have been several efforts to address parallax errors in pinhole SPECT, including algorithmbased DOI modeling and correction and the use of a curved fiber bundle to collimate light from a curved scintillator [1, 2]. Another way to overcome parallax errors in a pinhole gamma camera is to use a focused-cut scintillator, which is pixellated so that the pixels are focused towards the pinhole of a collimator [3]. Thus, the path of a primary ray that has passed through the pinhole only intersects with a single pixel in the scintillator. Here, we experimentally test a pinhole gamma camera with a focused-cut (FC) scintillator. We measure the resolution across a continuous scintillator and across a straight-cut (SC) pixellated scintillator and show that the thicker FC scintillator has comparable parallax error in comparison with a thinner SC scintillator (3 mm vs. 1 mm). Thus, FC scintillators are shown to offer both the high resolution of thin pixellated scintillators and the high sensitivity of thicker scintillators.
INTRODUCTION
When a gamma ray travels through a scintillator, it may either ionize or excite an atom or molecule in the scintillator, producing light that can be detected by conventional means, or it may simply pass through the scintillator. The precise interaction location along its trajectory is unknown, with the mean depth-of-interaction, Δl, equal to µ -1 , where µ is the linear attenuation coefficient of the scintillator material. The resulting mean parallax error is then Δl sinθ, where θ is the angle between the incident gamma ray and the vector normal to the surface of the scintillator, as shown in Fig. 1 
(a). For
CsI:Tl, with a linear attenuation at 140 keV of 3.83 cm -1 , the parallax error approaches 2.61 mm, as shown in Fig. 1(b) . The error is greater than 1.00 mm even at a 20° incident angle and thus can be a major limitation to achieving sub-mm spatial resolution in pinhole SPECT systems. Using a pixellated scintillator limits the spread of light emitted from an interaction event, but parallax errors still remain an issue. According to Fig. 1(b) , an angled gamma ray may penetrate through several sub-mm pixels before interacting with a scintillator.
Here, we show that a pixellated focused-cut (FC) scintillator can be used to compensate for parallax errors in pinhole SPECT systems. A diagram of an FC scintillator is shown in Fig. 2 . Each pixel in the scintillator is cut so that it is focused at the pinhole of the collimator used in the SPECT system. Thus, the trajectory of an incident gamma ray on the scintillator is confined to a single pixel, as shown in Fig. 2(a) . This is unlike the case of a conventional pixellated scintillator, where a gamma ray can easily penetrate through the sides of a pixel and interact within a neighboring pixel.
II. EXPERIMENTAL SETUP AND DISCUSSION
We evaluated the capability of a 3 mm thick CsI:Tl FC scintillator, laser-cut with an angular range of -20° to 20° and pixel width of 350 µm, to compensate parallax errors by comparing the full-width half-maximum (FWHM) of a projected source to the FWHM for a 2 mm thick continuous CsI:Tl scintillator and for a 1 mm thick CsI:Tl straight-cut (SC) pixellated scintillator with a pixel width of 325 µm. The experimental setup is shown in Fig. 2(a) for the focused-cut scintillator, with f defined as the pinhole-to-detector distance along z, b the pinhole-to-source distance, d the center position of the source in x, t the scintillator thickness, w the FWHM of the source as seen by the detector, and θ the maximum ray angle as illustrated in the figure. We imaged a 2 mCi Co-57 (122 keV) cylindrical source with a 2 mm diameter emission window as it was translated across the field of view of the scintillators. A tungsten collimator with a 1 mm diameter knife-edge pinhole and a thickness of 6 mm was used. The light photons emitted from the scintillator were transmitted through a 1 mm thick 1:1 fiber optic plug and collected by a cooled electron-multiplying charged-coupled device (EMCCD) camera, a back-illuminated Andor iXon DV887. The EMCCD has an 8 x 8 mm 2 detector, a 16 µm pixel width, and 512 x 512 binning. We acquired the images in integration mode, exposing the EMCCD for 180 s per measurement. We performed background-subtraction on each image and median filtering in order to remove dark current noise. We measured the FWHM of the projected image along its major axis using a 1D Gaussian-fitting algorithm. The FWHM of the projected spot as θ is varied for each scintillator is shown in Fig. 3(a) . Representative images of the translated source are shown Fig.  3(b)-(c) for the SC and FC scintillators, respectively. We see in Fig. 3(a) that the FC scintillator, despite being three times as thick as the 1 mm thick SC scintillator, has a lower FWHM, indicating that the focusing of the FC scintillator is indeed compensating the DOI effects. In Figs. 3(b) -(c), we can qualitatively see an increase in the FWHM of the image generated by the SC scintillator as θ is increased, as expected. On the other hand, the FWHM for the FC scintillator gradually decreases with increasing θ, indicating compensation of the DOI effect. This promising result demonstrates the potential of using FC scintillators to achieve ultra high sub-mm resolution preclinical imaging and thus warrants investigating the performance of a SPECT imaging system using a FC scintillator. III. Fig. 3. (a) . FWHM of the projected image vs. maximum ray angle, θ, for the continuous, straight-cut, and focused-cut scintillators, (b), an overlay of spot images from the SC scintillator with θ = 6°, 14°, and 22°, and (c), similar images for the FC scintillator with θ = 6°, 11°, and 17°.
